Three commercially available tissue conditioners -Tissue conditioner II (STII), Tissue conditioner (GTC), and Tissue Care (TTC)-were tested using a rheometer to evaluate their viscoelasticity under compression at a constant distortion (10%). Immediately after fabrication, STII showed the highest hardness and compressive modulus of elasticity, followed by TTC and GTC. TTC showed the highest relaxation rate, followed by GTC and STII. STII and GTC showed equivalent relaxation times, while TTC showed the shortest relaxation time. The modulus of viscosity was highest in STII, followed by GTC and TTC. The immersion of each sample in water resulted in increases in hardness, compressive modulus of elasticity, relaxation time, and modulus of viscosity and decreases in relaxation rates. The three products have different viscoelastic properties. Further, the results indicate that STII and GTC exhibit better performance when used as functional impression materials, while TTC exhibits better performance when used as a tissue conditioner.
INTRODUCTION
Tissue conditioners are interposed between dentures and mucosa. These conditioners serve as cushioning materials that protect the lower mucosa from dental problems such as decubital ulcer and redness. They are also used as functional impression materials to take impressions of movable mucosa in a functional state. These polymer powder conditioners swell in the presence of organic liquids to form viscoelastic gels 1) . The viscoelasticity of materials is measured in three ways: (1) by applying strain and measuring the stress, (2) by applying stress and measuring the strain, and (3) by applying strain velocity and measuring the stress. Moreover, viscoelasticity testing can be divided into two types: static 2, 3) and dynamic 4) viscoelasticity testing. During static viscoelasticity tests, a stress (strain) is applied to a sample along a single direction for a short period of time, and the changes in strain (stress) over time are measured. This particular method is used for measuring viscoelasticity in the case of viscoelastic processes that progress over a comparatively long period of time. During dynamic viscoelasticity testing, a sinusoidal stress or strain is applied to a sample in order to measure viscoelasticity; this method is applicable to viscoelastic processes that occur within a relatively short period of time 5) . Dynamic viscoelasticity testing measurements can be taken under very small amounts of distortion so as not to damage the sample; the advantage of doing so is that the responses of the aggregate structure of particles and entangled polymer molecules can be investigated under this condition. As a result, dynamic viscoelasticity testing is now a widely used testing method. Static viscoelasticity testing can determine the abovementioned responses over longer periods of time and under greater deformations than those in the case of dynamic testing. Further, this static testing method can be used to gather information on a timescale that corresponds to the mechanical responses that are obtained when tissue conditioners are actually used; therefore, static viscoelasticity testing was performed in the present study.
Many types of tissue conditioners manufactured by different companies are commercially available, and depending on the powder-to-liquid ratios specified by the manufacturer, the products vary in terms of their manipulability during mixing of the powder and liquid as well as in terms of the properties of the resultant mixture. Tissue conditioners comprise a powder, which is primarily composed of polyethyl methacrylate (PEMA), and a liquid, which is primarily composed of alcohol and a plasticizer such as a phthalate ester. However, in recent years, tissue conditioners with components such as polymer-containing liquids and alcohol-free products that are unlike the components of conventional products have entered the market, and few studies have focused on the viscoelasticity of these new products 6, 7) . Manufacturers often claim that these products can be used both as a tissue conditioner and as a functional impression material. However, the relationship between the material properties of these tissues conditioners and the subsequent application of the conditioners is often unclear.
To elucidate this relationship, three types of recently developed tissue conditioners were examined in the present study using a constant-strain static rheometer in order to clarify the differences in the viscoelastic properties of the conditioners and to evaluate the conditioners' characteristics from the viewpoint of active application as a tissue conditioner or as a functional impression material.
MATERIALS AND METHODS

Materials used
The names of the three commercially available tissue conditioners used in the experiments as well as the manufacturer names, lot numbers, powder and liquid nominal components, standard powder-to-liquid ratios, and abbreviations, are listed in Table 1 . Scanning electron microscope (SEM) images of the powder particles are shown in Fig. 1 . The particle size ranged from 5 to 50 µm for STII, 5 to 40 µm for GTC, and 2.5 to 20 µm for TTC. The particle size of TTC was evidently smaller than that of the others. The kinematic viscosities of the liquids for STII, GTC, and TTC, measured using a Cannon-Fenske routine 
Sample preparation
In order to prepare samples of the tissue conditioners for viscoelasticity measurements, the powder and the liquid were mixed for 30 s according to the standard powder-to-liquid ratios, shaken gently to defoam the mixture, and packed in a brass mold (internal diameter: 10 mm; height: 6 mm). With the top and the bottom surfaces covered by glass plates, the molds were held for 10 min at 37°C in a drying chamber. After these mixtures had hardened, the tissue conditioners were extracted from the molds and left to stand at room temperature for 20 min (non-immersed samples: 0-day immersion; n=3). The samples were immersed in distilled water at 37°C for 1, 3, 5, and 7 days (waterimmersed samples; n=3), and the viscoelasticity of these samples was measured.
Viscoelasticity tests
A rheometer (NRM-2002J, Fudo Kogyo, Tokyo, Japan) was used in the viscoelasticity tests. Using a 10-mmdiameter disc-shaped indenter, a constant-strain compression of 10% (0.6 mm) was applied at a loading rate of 60 mm/min to a cylindrical sample (diameter: 10 mm; height: 6 mm), and the changes in normal force over time (normal force-time curve) were recorded ( Fig.  2 ). From these results, the hardness, compressive modulus of elasticity, relaxation rate, relaxation time, and modulus of viscosity were calculated using the following equations as reported by Kanie et al. 8) .
Hardness=L0/S (1) Compressive modulus of elasticity =9.
where L0 is the maximum normal force (gf) generated during the initial loading of a 10% constant strain, Lto+7.5 is the difference between the maximum normal force and the normal force at a time of 7.5 s after the start of loading, S is the surface area of the loaded surface of the sample, H is the height of the sample (6 mm), and ΔH is the amount of sample deformation that occurs under a constant strain compression of 10% (0.6 mm). The hardness of a material is defined as its resistance to deformation when a load is applied, and in the present study, the surface area of the loaded sample, with a diameter identical to that of the indenter disk, was regarded as the indentation area, and the hardness was calculated using Equation (1) . The compressive modulus of elasticity was calculated from the maximum stress and strain and converted to a value on the megapascal scale. In order to compare the degree of stress relaxation at the early stage that occurs after constant strain compression, the relaxation rate was calculated from the percent decrease in stress at a time of 7.5 s after loading was initiated. For the sake of convenience, this time of 7.5 s was chosen as a criterion time for comparing the stress relaxation behavior of the samples. The relaxation time was measured as the time required for the normal force to relax by a factor of 1/e of the maximum normal force. The modulus of viscosity was calculated by multiplying the compressive modulus of elasticity by the relaxation time.
Statistical processing
The values obtained for hardness, compressive modulus of elasticity, relaxation rate, relaxation time, and modulus of viscosity were tested for statistical significance using Tukey's multiple comparison test (p=0.05). Figure 3 shows the normal force versus time curves that were plotted using values obtained for nonimmersed samples under the condition of a constantstrain compression of 10%. Following compression, the normal force decreased over time in the case of all samples; stress relaxation continued in STII and GTC after 90 s but stopped almost completely in TTC. The hardness, compressive modulus of elasticity, relaxation Table 2 for each sample. The hardness, compressive modulus of elasticity, and modulus of viscosity were significantly greater in STII than in GTC and TTC (p<0.05). The relaxation rate and relaxation time were nearly identical for STII and GTC (p>0.05), but significant differences were observed between these values and the values obtained for TTC (p<0.05). In particular, among the three products, STII exhibited a low stress relaxation and the highest modulus of elasticity, while GTC showed a low stress relaxation and the lowest modulus of elasticity. TTC ranked between STII and GTC in terms of the modulus of elasticity but had greater fluidity and was most susceptible to stress relaxation among all three materials.
RESULTS
Viscoelastic properties of non-immersed samples
Viscoelastic properties of water-immersed samples
The changes in hardness, compressive modulus of elasticity, relaxation rate, relaxation time, and modulus of viscosity according to the duration of immersion in water (up to 7 days) are shown in Fig. 4 . After immersion for 1 week in water, the hardness, compressive modulus of elasticity, relaxation time, and modulus of viscosity of all the samples increased in comparison to those of non-immersed samples (immersion time: 0 days), and the relaxation rate decreased. In the case of GTC, the hardness, compressive modulus of elasticity, relaxation time, and modulus of viscosity increased continuously for immersion over 5 days, while the relaxation rate tended to decrease continuously. However, for STII and TTC, the hardness, compressive modulus of elasticity, and relaxation rate reached approximately constant levels after 1 day of immersion, with the relaxation time and modulus of viscosity showing a tendency to increase over time.
DISCUSSION
During use, tissue conditioners are subjected to a variety of external forces, including forces that act over the short term, such as during mastication and occlusion, as well as continuous forces exerted by the oral mucosa during rest. Consequently, when discussing the uses of tissue conditioners, it is necessary to consider both their elastic response to short-term forces and their viscous response to continuous forces. Below, we first describe a model of viscoelastic forces suitable for analyzing the mechanical properties of tissue conditioners and subsequently examine the experimental results.
Maxwell element models of viscoelastic dynamics
Stress relaxation, one of the characteristics of viscoelasticity, is quantitatively expressed in terms of the relaxation time. The dynamic model with a Maxwell element, shown in Fig. 5(a) , is used for illustrating the phenomena of stress relaxation.
At t=0, if a constant strain γ0 is momentarily applied, the spring will momentarily deform and produce stress Gγ0, but the dashpot will not deform ( Fig. 5(b) ). Later, as a consequence of the forces acting on the dashpot, the length of the dashpot decreases gradually, and at the same time, the spring recovers its original length (Fig. 5(c) ). During this time, the overall strain is kept constant (10%). The stress decreases exponentially from its initial value of Gγ0 and reaches 0 There is no significant difference between data marked with identical letters (a through k) (p>0.05). Table 2 Hardness, compressive modulus of elasticity, relaxation rate, relaxation time, and modulus of viscosity of tissue conditioner samples exposed to air at t=∞. The changes observed in the stress during this time are expressed as normal force versus time curves in Fig. 2 , and the hardness, compressive modulus of elasticity, relaxation rate, relaxation time, and modulus of viscosity calculated from these curves were used for evaluating the viscoelastic properties of the tissue conditioners. The hardness and compressive modulus of elasticity calculated at t=0 were used as indices of the elasticity (spring term), while the relaxation rate calculated at constant time and the relaxation time and modulus of viscosity were used as indicators of fluidity (dashpot term). In the present study, it was presumed that the behavior of the system could be approximated by using a model with a single Maxwell element.
Viscoelastic properties of tissue conditioners
When the tissue conditioner powder and the liquid are mixed together, the powder, an aggregate of straight chain polymers, swells and plasticization occurs because of the presence of plasticizers containing ethyl alcohol. In particular, alcohol and plasticizer-containing polymer chains form loose entanglements, and when stress is slowly and persistently applied to these entanglements, the polymer chains become partially oriented, causing the material to become more fluid; thus, stress relaxation occurs. This tendency toward relaxation is believed to be a characteristic of samples in the initial stage of use. Further, with repeated mastication and occlusion, the distance between the polymer chains is expected to decrease, and the chains become dense, causing the material to harden and decreasing the stress relaxation. In addition, when tissue conditioners are immersed in water after gelation, the alcohol and plasticizers in the gel are eluted 9, 10) , reportedly changing the viscoelastic properties 6, 11, 12) . Various factors are involved in stress relaxation. With regard to the relationship between swelling and differences in the components and morphology of the tissue conditioner materials, because we do not know the exact composition and chemical species of the components of the three products used in the experiments, we cannot possibly compare the swelling properties of the products on the basis of the characteristics of their components. Here, the discussion is based on the differences in the morphologies of the polymer powders. As shown in Fig.  1 , the particle size of TTC is smaller than that of the other tissue conditioners STII and GTC, and because the powder-to-liquid ratio of TTC is 1.90 versus 1.33 for STII and GTC, TTC was expected to gel more rapidly. However, conversely, TTC remained in the plastic state for a longer period of time. The liquid component of TTC contains an acrylate polymer as a plasticizer (Table 1) , and, in reality, the viscosity of the TTC liquid (10 cSt) is higher than that of STII (4.1 cSt) and GTC (3.7 cSt). As a result, permeation of the polymer solution through to the powder by diffusion is inhibited more in TTC than in STII and GTC, which delays the onset of plasticization. Subsequently, because TTC remains in the plasticized state for a longer period of time, this delay is believed to increase the relaxation rate and decrease the relaxation time and the modulus of viscosity.
The data on hardness, compressive modulus of elasticity, relaxation rate, and relaxation time obtained with the rheometer used in these experiments are believed to contain considerable information on the mechanical response during the initial stage of stress relaxation, which represents the responses to external forces exerted by the mastication and occlusion processes. From this perspective, it is desirable to protect the mucosal tissue if a weak elastic force is exerted. The hardness and compressive modulus of elasticity of each of the tissue conditioners used are lower immediately after fabrication than after many hours have elapsed, which confirms that with each of these tissue conditioners, mechanical irritation at the initial stage of soft tissue injury will be less, a desirable property for these products. The hardness and compressive modulus of elasticity of the three tissue conditioners were 142-195 gf/cm 2 and 0.139-0.191 MPa, respectively; these values correspond to those of clinically acceptable tissue conditioners 13) and soft lining materials 8) . After 1 to 2 days, in each product, the hardness and compressive modulus of elasticity reached nearly constant levels, and no further hardening was observed; thus, values that would be appropriate for soft tissue during injury recovery could be maintained. These properties are appropriate for mucosal protection. On the other hand, an examination of relaxation rates, relaxation times, and moduli of viscosity clearly shows that in comparison with STII and GTC, the extent of relaxation is larger and relaxation occurs more rapidly in TTC. In addition, the modulus of viscosity is smaller in TTC; this indicates that TTC has greater fluidity. Consequently, TTC is believed to be more appropriate than STII or GTC for use in tissue conditioning applications. In contrast to the compressive modulus of elasticity, which indicated that the elasticity had stabilized in each of the tissue conditioners after day 1, the relaxation time τ, defined as the ratio between the modulus of viscosity η and the modulus of elasticity G (τ =η/G), tended to increase even after day 1. This was interpreted to indicate that even after a single day, η continued to increase, that is, the fluidity of each tissue conditioner decreased gradually. Tissue conditioners that continue to harden (becomes less fluid) with time after the start of use are incompatible for use as tissue conditioning materials. Only in TTC, the relaxation time began to decrease on day 7, and the long-term use of TTC is affected by changes in its mechanical properties. Based on the contrast between hardness, compressive modulus of elasticity, and relaxation rates, STII and GTC have elasticity with a lower relaxation rate than TTC, which makes them more suitable than TTC for use as a functional impression material. The use of a substance as a functional impression material demands both dimensional stability 14) and compatibility with plaster; therefore, experimental analyses from these points of view will be required in the future.
According to McCarthy et al. 13) , it is desirable for tissue conditioners to have fluidity when used as functional impression materials, but they should not allow permanent distortion to occur during denture removal or mold fabrication. In addition, when they are used as a tissue conditioning material, it is desirable that they remain fluid in response to continuous weak forces as the mucosal tissue recovers to a normal condition and that this property is maintained over a long period of time. This means that tissue conditioners are required to respond to the demands of two different clinical conditions. Based on the results of our experiments, it has been concluded that STII and GTC have relatively more elasticity than TTC and exhibit properties that make them appropriate for use as functional impression materials, while TTC, which is more fluid, is suitable for use as a tissue conditioner.
The results obtained from these experiments (hardness, compressive modulus of elasticity, relaxation rate, and relaxation time) clearly indicate differences among the individual materials in terms of their initial viscoelasticity. The stress-relaxation-based static viscoelasticity testing method used in the present study proved to be effective for evaluating the viscoelasticity of these tissue conditioners. However, certain drawbacks of this method definitely exist since the stress relaxation model used in this study postulated a single Maxwell element. For the sake of convenience, in the analyses, each experimentally generated stress relaxation curve was regarded as a single exponential function, but in industry, the viscoelastic behavior (stress relaxation and creep) of a substance may be analyzed on the basis of multiple springs and dashpots arranged in series or in parallel 15) . Since such an analytical method may conform to experimental results, it is expected that this type of method will be applied to tissue conditioners in future studies.
